Objective: We tested whether abnormal arterial stiffness and blood pressure would be associated with progression of brain aging measured by brain MRI and neurocognitive testing.
including Alzheimer type dementia. 6, 7 Crosssectional investigations in several population studies suggest the association of higher arterial stiffness and abnormal vascular hemodynamics with subclinical neurovascular injury detected both by brain MRI and a standard neurocognitive battery. [8] [9] [10] [11] Given the progressive nature of CVD, we reasoned that arterial hemodynamics at any given time point may be associated with longitudinal progression of measures of brain vascular injury and neurocognitive function. We tested our hypothesis that tonometry measures of arterial stiffness and pressure pulsatility would be associated with progression of subclinical cerebrovascular disease in the community-based Framingham Offspring Study sample.
METHODS Study participants. The Framingham Heart
Study (FHS) Offspring Cohort is a community-based cohort with detailed phenotyping through serial examination cycles approximately every 4 years. 12 At examination 7 (1998-2001) , participants underwent arterial tonometry to assess carotidfemoral pulse wave velocity (CFPWV), central pulse pressure (CPP), and mean arterial pressure (MAP). We chose to study these measures to capture aortic stiffness (CFPWV), pressure pulsatility (CPP), and the steady component of pressure (MAP), as they may have differing relations with downstream organ damage. 11 These measures are modestly, but not highly, correlated with the following r values: CFPWV-MAP, 0.38; CFPWV-CPP, 0.40; and CPP-MAP, 0.41, all p , 0.0001. Of the 3,539 participants who attended examination 7 (1998-2001) , 2,293 participants had successful arterial tonometry measures. Characteristics of participants with and without tonometry measures are shown in table e-1 on the Neurology ® Web site at Neurology.org. Of 2,293 participants who underwent tonometry, 1,665 individuals had neurocognitive measures and 1,476 had brain MRI. Of the participants with neurocognitive measures and brain MRI, 1,289 returned at examination 8 (2005-2008) for repeat neurocognitive testing and brain MRI. Participants were excluded for prevalent dementia (n 5 12), stroke (n 5 29), or other neurologic conditions (e.g., multiple sclerosis, craniectomy, severe head injury, or brain tumor, n 5 17) that could confound the assessment of brain structure and function. Thus, our final sample size included 1,223 participants with tonometry and repeated neurocognitive measures, including 1,118 participants with repeated brain MRI measures. The characteristics of participants who underwent tonometry, with and without neurocognitive data, are shown in table e-2. Figure 1 shows the participant inclusion schema. The mean time between initial and subsequent brain MRI and neurovascular testing was 6.4 6 1.3 years.
Arterial tonometry. Data acquisition. Under fasting conditions in the morning and following 5 minutes of rest, arterial tonometry was performed. Brachial systolic and diastolic blood pressures were obtained using an oscillometric device. All measures were obtained in the supine position. A commercially available tonometer (SPT-301; Millar Instruments, Houston, TX) was used for arterial tonometry with simultaneous ECG. The pulse wave transit distance was measured on the body surface Inclusion of study participants
All included participants had baseline tonometry measures and 2 assessments of brain MRI and neurocognitive function to analyze change in brain measures and neurocognitive function.
as the distance from the suprasternal notch to the femoral artery. Tonometry and ECG data were digitized during the primary acquisition (1,000 Hz) and were analyzed blinded to clinical data (Cardiovascular Engineering, Inc., Norwood, MA). Tonometry data analysis. Arterial pressure waveforms were signal-averaged using the ECG R-wave as a fiducial point. The signal-averaged brachial pressure waveform was calibrated using the average systolic and diastolic cuff pressure. The peak and trough of the brachial waveform was then used to determine MAP. CPP was defined by carotid pressure tracings, which were calibrated using diastolic and integrated mean brachial pressures. 13 CFPWV was calculated from tonometry waveforms and body surface measurements, which were adjusted for parallel transmission in the brachiocephalic artery and aortic arch, using the suprasternal notch as a fiducial point. 14 To assess reproducibility of tonometry measures, the full visit examination (tonometry, echocardiography, and brachial artery flow-mediated dilation) was performed sequentially by 3 operators in each of 15 volunteers, and intraclass correlations were as follows: iCFPWV, 0.87 (95% confidence interval [CI] 0.72-0.95); CPP, 0.77 (95% CI 0.54-0.91); and MAP, 0.82 (95% CI 0.64-0.93). Because of the 2-to 3-hour duration of the full reproducibility examination, the correlations capture not only variability between operators but also physiologic variation in these measures. Thus, true intraclass correlations for simple repeated measures are likely greater.
Brain MRI. The methods for brain MRI and blinded image analysis have been described previously 15, 16 and are consistent with consensus guidelines. 17 We evaluated total cerebral brain volume (TCBV) and white matter hyperintensity volume (WMHV) as indices of general brain and vascular brain aging, respectively, where lower TCBV and greater WMHV are signs of aging. We computed TCBV as a ratio of intracranial volume to correct for differences in head size. Similarly, WMHV was also computed as a ratio of total cranial volume. The interrater reliabilities ranged between 0.90 to 0.94 for total cranial volume, TCBV, and WMHV. 16 All measurements were performed using a custom-designed image analysis package, QUANTA 6.2, operating on a Sun Microsystems (Santa Clara, CA) Ultra 5 workstation.
Neurocognitive assessment. Details of neurocognitive testing in the FHS Offspring Cohort have been reported elsewhere. 18 A battery of neurocognitive tests targeting a range of domainspecific outcomes were conducted, from which we prespecified to study 2 in the realm of executive function and abstract reasoning. The difference score of Trail Making Test Part B minus Part A (Trails B-A) performance is a hallmark of vascular brain aging. The Trail Making Tests are measured in minutes required to accomplish the tasks, with greater score reflecting poorer executive function. We also studied the Similarities test, an index of abstract reasoning, where a greater number of similarities discerned reflect a better score.
Statistical analysis. CFPWV was inverse-transformed to reduce heteroscedasticity and multiplied by 21,000 to restore directionality and to convert the units to milliseconds/meter (iCFPWV). CPP was natural logarithmically transformed to roughly normalize the skewed distribution. Baseline measures of WMHV and Trails B-A were logarithmically transformed to normalize the skewed distribution. The covariates plasma homocysteine and triglyceride levels were also logarithmically transformed to normalize their skewed distribution.
We examined multivariable-adjusted linear regression models for the analysis of continuous brain MRI and neurocognitive measures (dependent variables), with the arterial stiffness variables serving as the independent variables. We utilized annualized raw change in brain MRI and neurocognitive measures ([value at second MRI or neurocognitive examination 2 value at first MRI or neurocognitive examination] divided by the time interval between second and first evaluation in years) standardized to mean of 0, SD 1 to facilitate comparisons. A multivariable model adjusted for the following covariates: age, sex, time between tonometry and MRI or neurocognitive testing, diabetes mellitus, atrial fibrillation, current smoking, antihypertensive therapy, prevalent CVD, APOE genotype (presence or absence of at least one e4 allele), log (plasma homocysteine), and the sex-specific fourth quartile of waist-hip ratio as an indicator of central obesity, 19 and additionally adjusted for education and Center for Epidemiologic Studies Depression Scale score for cognitive variables. Covariates in the multivariable model were assessed at the time of examination 7 (baseline). Prevalent CVD was defined as the presence of coronary heart disease, clinical heart failure, or intermittent claudication. We also examined for the possibility of nonlinear relations between tonometry measures and neurocognitive outcomes. Quadratic terms of tonometry variables were entered into multivariable models and significant associations were further evaluated by quintile analysis to determine the nature of the relations. In secondary analyses, we included interaction terms to examine effect modification by age (,65 and $65 years) of the relations of arterial stiffness to brain MRI and cognitive outcomes. Lastly, we included sibling relationships as a covariate in multivariable models and mixed models to account for the lack of independence of observations introduced by sibling relationships.
Results are presented as the effect size in SD unit 6 standard error (on the brain MRI or neurocognitive measure) per SD unit increment in tonometry measure. The level of statistical significance was set to a 2-sided p value of 0.05 and 0.10 for primary and interaction analyses, respectively. To increase interpretability of our results, we also calculated the effect of association of CFPWV with DTrails B-A as an example (e-Methods). All analyses were performed using SAS v.9.3 (SAS Institute, Cary, NC).
Standard protocol approvals, registrations, and patient consents. The study protocol was approved by the institutional review board at the Boston University Medical Center, and all participants gave written informed consent. A 1-SD increase in iCFPWV was associated with an increase of 1.2 seconds in Trails B-A, equivalent to nearly 1 year of brain aging. An increase in CFPWV from the median of the first to fourth quantile was associated with an increase in DTrails B-A of 2.9 seconds. This corresponds to more than 2 years of brain aging in a regression model of Trails B-A onto age at baseline examination 7, where the slope, or annual change of Trails B-A, is 1.3 seconds. We observed a relation of quadratic iCFPWV with figure  2B ). If confirmed in future studies, the findings may indicate that lowest and highest groups of MAP are associated with better abstract reasoning. DISCUSSION In this longitudinal study of community-dwelling adults without prevalent stroke or dementia, we found that MAP was associated with a longitudinal increase in WMHV. Likewise, measures of arterial stiffness (CFPWV) and pressure pulsatility (CPP) were associated with a longitudinal decline in cognitive performance in executive function. These findings are consistent with models of vascular aging that emphasize white matter injury and frontal cognitive systems dysfunction. 20 Older age was associated with a larger magnitude of effect in these associations. Our findings are consistent with our hypothesis of the deleterious effects of higher aortic stiffness on structural and cognitive neurologic deficits as well as on the progression of neurologic disease over time.
RESULTS
We and other groups, many from community samples with a low prevalence of CVD, have observed cross-sectional associations of elevated pulse wave velocity (PWV) and pulse pressure with brain aging detected by MRI, including lower brain volume, WMHV, and presence of silent cerebral infarcts. 10, 11, [21] [22] [23] [24] Consistent with these structural abnormalities, several studies have also shown PWV and CPP to be associated with cognitive function, including poorer memory and a worse performance on executive function tests. 10, 11, [24] [25] [26] [27] Much of the literature reflects cross-sectional studies, however, with fewer reports on the influence of arterial stiffness on neurovascular disease over time.
Our examination of the association of arterial stiffness and pulsatility with repeated measures of WMHV revealed that MAP was associated with a progression of WMHV over a 6-year period. In earlier cross-sectional analyses, baseline blood pressure and aortic PWV similarly predicted WMHV several years later in population-based cohorts. [28] [29] [30] In our sample, CFPWV was associated with WMHV, predominantly in participants aged 65 years or older, in cross-sectional analyses, 11 but was not associated with progression of WMHV. A possible explanation for this finding might be that our middle-aged cohort was relatively healthy and younger than other cohorts 10, 28 in which associations between arterial stiffness and WMH have been observed. Furthermore, unfavorable arterial hemodynamics may not affect all people or all areas of the brain equally: a recent study suggests a greater effect of aortic stiffness in black compared to white persons, and that elevated CFPWV may affect WMHV in certain brain regions but not others. 28 A more diverse cohort or more sensitive measures of white matter injury, such as diffusion tensor imaging, could also increase the probability of finding an association between CFPWV and brain vascular injury. Cognitive decline may be expected as the corollary of the progression of abnormalities on brain imaging. Indeed, we observed relations between higher aortic stiffness and worsening of cognitive function in vascular domains as assessed by the Trails B-A and the Similarities tests. Our findings are consistent with other longitudinal cohort studies that reported associations of greater arterial stiffness and pressure pulsatility with cognitive impairment, assessed by the Mini-Mental State Examination and tests of verbal learning, nonverbal and working memory, and delayed recall. 31, 32 Of note, we observed the most decline in executive function, measured by DTrails B-A, in the highest quintile of iCFPWV. Thus, the highest arterial stiffness is associated with greatest progression of cognitive decline. While this study evaluated relations of baseline measures of arterial stiffness to progression of neurocognitive disease, it would be of interest to investigate the relation of change in tonometry measures (e.g., in the lowest iCFPWV quintile) with neurocognitive decline.
A crucial role of the central vasculature is the buffering of the aortic pulse wave traveling to distal arteries. Advancing age is associated with vessel wall remodeling and a replacement of elastin by less compliant collagen fibers, resulting in greater vascular stiffness. 33 A pulse wave traveling through a noncompliant central artery travels faster distally, resulting in microvascular damage. Associated manifestations of blood pressure dysregulation include greater systolic blood pressure, lower diastolic blood pressure, and resultant greater CPP. 30, 34 The elevated pulsatility propagated into the microcirculation is hypothesized to be responsible for microvascular and endothelial injury resulting in microhemorrhages and thrombosis. 34, 35 Conversely, episodes of relative hypotension in the setting of impaired compensatory microvascular vasodilation may also result in cerebral hypoperfusion and ischemia. 36 The alternating high and low blood pressure suggests a mechanism by which progression of vascular disease begets further tissue injury. In addition, prior evidence has suggested that arterial stiffness, blood pressure, and vascular disease strongly influence amyloid deposition in the brain and clinical manifestations of Alzheimer disease. [37] [38] [39] We also noted effect modification by age in our cohort, whereby larger effect sizes of the associations between abnormal arterial hemodynamics and neurocognitive dysfunction were seen in older individuals. Comparison of brain MRI data between our cohort and that of the Age, Gene/Environment Susceptibility-Reykjavik Study (AGES-Reykjavik), whose participants are on average 15 years older, reveals smaller brain volumes and greater WMHV in AGES-Reykjavik. 10 While all measures tested did not overlap between our cohort 11 and that of AGES-Reykjavik, effect sizes were generally greater in the latter study. The Baltimore Longitudinal Study of Aging also identified age interactions in the associations of both CFPWV and brachial pulse pressure with poorer Table 2 Association of arterial stiffness, pressure pulsatility, and mean pressure with brain MRI and neurocognitive outcomes cognitive performance. 31 Collectively, the totality of evidence suggests that unfavorable central hemodynamics is the beginning of a detrimental path resulting in vascular injury in the brain and possibly contributing to cognitive decline. The strengths of our study include the large, wellcharacterized cohort under continuous surveillance.
The relatively healthy sample may have diminished some of the observed effect sizes and may have reduced our sensitivity to detect associations. Despite the relatively small effect sizes seen, the low prevalence of CVD in our sample supports the subclinical nature of our findings and suggests that effects of the observed relations may be stronger in the general population. In addition, these findings in a relatively healthy sample underscore the need for investigation regarding the benefits of modification of central arterial stiffness in primary prevention of CVD and neurocognitive decline. We did not account for multiple testing to avoid overcorrection and false-negative bias, but our results are consistent with those of other groups. Lastly, the FHS consists of predominantly white participants of Western European ancestry, potentially limiting the generalizability of our findings to people of other ethnicities. However, our results are consistent with studies incorporating other races and ethnicities, which have reported associations of arterial stiffness with future WMHV 28, 29 and with cognitive impairment by Mini-Mental State Examination. 32 Future confirmation of our results in larger population samples and with longer follow-up is warranted.
In this community-based cohort free of stroke and dementia and with a low prevalence of CVD, we observed relations of higher arterial stiffness and greater pressure pulsatility with progression of neuroimaging traits and neurocognitive impairment. Our findings suggest that efforts should be directed toward investigating the effects of modulating central arterial hemodynamics to potentially reduce or prevent neurovascular brain injury and the resulting cognitive decline.
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